Stochastic resonance (SR) is commonly understood to be the enhancement, by noise, of the response of a system to a weak input signal. The aim of this study was to demonstrate the occurrence of SR in spinal and cortical evoked field potentials (EFPs) elicited by periodic tactile stimuli in the anesthetized cat. The electrodes were positioned in spinal and cortical somatosensory regions in which the largest negative EFPs were detected. The periodic tactile stimuli consisted of local skin displacements on the central pad of the hindpaw. Two series of experiments were performed. First, periodic tactile stimuli and the noisy tactile stimuli were applied with the same indenter. Second, noisy tactile stimuli were applied with an additional indenter placed on the glabrous skin of the third hindpaw digit. This last protocol ensured that the signal and noise were mixed not in the skin but in the somatosensory regions of the CNS. All cats showed distinct SR behavior at the spinal and cortical stages of the sensory encoding. Such SR was abolished in the cortical but not in the spinal recording after sectioning of the dorsal columns and the ipsilateral dorsolateral funiculus. This suggests that the spinal neurons may also contribute to the SR observed at the cortical level. To the best of our knowledge, this is the first documented evidence that such a remarkable phenomenon embodies electrical processes of the spinocortical somatosensory system itself.
Introduction
Stochastic resonance (SR) is a counterintuitive phenomenon of nonlinear systems that refers to the increase of the signal-to-noise ratio (SNR) on the output obtained through an increase of the noise level on the input (Wiesenfeld and Moss, 1995; Gammaitoni et al., 1998; Anishchenko et al., 1999) . Typically, the plot of SNR versus input noise is an inverted U-like function characterized by maximal enhancement of SNR at a specific noise amplitude value. SR type effects have been demonstrated in physical and biological systems (Segundo et al., 1994; Gammaitoni et al., 1998; Anishchenko et al., 1999; Russell et al., 1999; Winterer et al., 1999; Hidaka et al., 2000 Hidaka et al., , 2001 Stacey and Durand, 2000; Hanggi, 2002; Manjarrez et al., 2002c,d; Mori and Kai, 2002; Ward et al., 2002; Yamamoto et al., 2002) .
The SR has been shown in psychophysical experiments of cutaneous tactile sensation in humans. These studies have shown that the presence of a particular nonzero level of noise may significantly enhance the ability of an individual to detect subthreshold tactile stimuli (Collins et al., 1996b (Collins et al., , 1997 Richardson et al., 1998; Dhruv et al., 2002; Liu et al., 2002) . Furthermore, recent electrophysiological evidence in humans suggests that the cortical neurons that participate in the process also exhibit SR (Manjarrez et al., 2002c) . However, it is not clear from these experiments whether the electrical activity of the spinal neurons also exhibits SR behavior or whether the SR is produced only in the peripheral sensory receptors. In this context, the purpose of the present study was to substantiate whether SR occurs in the spinal and cortical somatosensory system itself in a preparation of the anesthetized cat. Disclosure of this phenomenon in the spinal and cortical stages of the sensory encoding could be important, because a major goal of contemporary studies of sensory processing is to understand the transformations of signals at each level within the CNS.
Materials and Methods
Preparation. Experiments were performed in 10 adult cats (weight range, 2.0 -3.5 kg) initially anesthetized with pentobarbitone (35 mg/kg, i.p.). Most procedures have been described previously (Manjarrez et al., 2002a,b,d) and are briefly described here. Guidelines contained in the National Institutes of Health Guide for the Care and Use of Laboratory Animals (85-23, revised in 1985) were followed throughout.
First protocol of stimulation. Periodic tactile stimuli and noisy tactile stimuli were applied with the same indenter placed on the glabrous skin of the central pad of the hindpaw (Fig. 1 A) . The indenter consisted of a closed-loop mechanical stimulator-transducer that allowed measures of the force and displacement of applied stimuli. The output of two independent function generators provided input to the stimulator-transducer. One of these [Tektronix (Wilsonville, OR) CFG253 together with AMPI (Jerusalem, Israel) Master-8] generated the test stimulus signal, whereas the other [Wavetek (San Diego, CA) 132] supplied the superimposed noise.
Second protocol of stimulation. Noisy tactile stimuli were applied with an additional indenter placed on the glabrous skin of the third hindpaw digit, whereas the periodic tactile stimuli were applied on the glabrous skin of the central pad of the hindpaw (see Fig. 3A ). This protocol ensured that the signal and noise were mixed not in the skin but in the somatosensory regions of the CNS (see also Mori and Kai, 2002) .
To avoid possible peripheral mixing of the noisy stimuli and the periodic stimuli caused by the elasticity of the adjoining skin, the hindlimb and the third hindpaw digit were held in a fixed position. With this procedure, no evidence of mixing was detected with the mechanical transducers of both stimulators.
Test stimuli (input signal). Mechanical test stimuli (local skin displacements) were applied on the central pad of the hindpaw. Such stimuli consisted of single pulses with a total duration of 10 msec delivered at a constant frequency of 2.5 Hz (Fig. 1 B) . We assumed that the SR might be present at this frequency because at this same frequency of tactile stimulation, we observed the SR in human brain waves (Manjarrez et al., 2002c) . Figure 1 B illustrates typical spinal and cortical evoked field potentials (EFPs) elicited by the test stimulus. In the present experiments, the amplitude of the test stimulus was adjusted to 3 mN, between 1.2 and 1.5 times the threshold level of the afferent volley recorded on the surface of the spinal cord. We assumed that the force of 3 mN would be sufficient to activate slowly adapting and fast-adapting mechanoreceptive afferents innervating the skin (Trulsson, 2001 ). Figure 1 D shows the input-output curve for the spinal N-wave amplitude at L6 versus the test stimulus strength.
Input noise. Noise with a power spectrum ranging from 0.1 to 60 Hz (Fig. 1 E) was applied on the central pad of the hindpaw (in the first protocol) and on the third hindpaw digit (in the second protocol). The range of the SD of the noisy stimuli ( n ) was from 0.1 to 5 mN. Figure 1 E shows the power spectrum of a typical noisy stimulus of n ϭ 1.2 mN. The inset in Figure 1 E shows the amplitude distribution (Gaussian) of the noisy stimulus.
Stimulation scheme. The stimulation scheme consisted of sequences that lasted 20 sec, during which we applied either a periodic stimulus (signal) with noise superimposed (Fig. 2 A, insets, red traces) or noise alone ( Fig. 2 A, insets, blue traces). We applied 10 sequences, each with a different noise intensity level. For example, insets in Figure 2 A illustrate some sequences from the first protocol. The presentation order of the different noise levels was varied randomly to remove possible serial effects.
Electrophysiological recordings. In the experiments with the first protocol, spinal potentials were recorded from the surface of the L6 dorsal horn with a silver ball electrode against an indifferent electrode placed on the near paravertebral muscles (Fig. 1 A) . In addition, one glass micropipette filled with 1.2 M NaCl (tip diameter, 1.0 -2.5 m; 1.2-1.7 M⍀) was used to record cortical EFPs in the right posterior sigmoid gyrus (layers III-V). The micropipette entered the hindlimb representation of the primary somatosensory cortex (S1) (Figs. 1 A, 3A,C) located in the posterior sigmoid gyrus (Felleman et al., 1983) . In the experiments with the second protocol, we recorded the spinal EFPs with an additional micropipette inserted in the dorsal horn (Fig. 3A ,B). The micropipette was positioned in the intraspinal depth, where the negative EFPs acquired their maximal amplitude (laminas III-VI) (Fig. 3B) .
Data analysis. Data acquisition of the input noise and of the spinal and cortical potentials was performed with a sampling rate of 500 Hz. Spectral analysis of spinal and cortical activity recorded during each of the 20 sec stimulation epochs was performed. The magnitude of the input noise was quantified by means of the SD of the input force ( n of input noise). We estimated the effect of noise on spinal and cortical EFPs from the output power spectra (Fig. 2 B,C) . SNR (Fig. 2 D) was defined as the ratio, at the input signal frequency (2.5 Hz), of the strength of the output power spectra peak (its area) during pulse stimulation to the mean amplitude of the output power spectra that occurred during input noise alone. The method to calculate SNR has been described in detail previously (Manjarrez et al., 2002c) . In addition, information capacity (Shannon, 1949) at the spinal and cortical stages of the sensory encoding was calculated. Information capacity (R info ) is the maximum achievable rate of information transmission through a communication system in bits per second (Fig. 2 D) . For comparison, we performed an identical analysis of the signals before and after section of the dorsal columns (DC) and ipsilateral dorsolateral funiculus (IDLF).
Histology and verification of electrode placements. At the end of the experiment, each animal was killed with a pentobarbitone overdose and perfused with 10% formalin. The spinal cord and the brain were removed, and the recording micropipettes were left in place. After complete fixation and dehydration, both the spinal cord and the brain were placed in a solution of methyl salicylate for clearing and subsequently cut so that both sections contained the electrodes (Fig. 3B,C) and lesions in the T12 segment (Fig. 4 F) of the spinal cord.
Results
First protocol: periodic tactile stimuli and noisy tactile stimuli applied with the same indenter All animals we examined exhibited clear-cut SR-type behavior elicited by tactile stimulation on spinal and cortical activity. Figure 2 E,F (circles) illustrates the output SNR at the two stages of sensory encoding, spinal (Fig. 2 E, open circles) and cortical ( Fig.  2 F, filled circles) , versus n for one cat. In all cases, the test stimulus signal was adjusted to 3 mN, and the range of the noisy tactile stimuli was from n ϭ 0.1-5 mN. An average of the spinal and cortical SNR peaks was calculated for all animals (8.7 Ϯ 4.2 and 5.5 Ϯ 3.8, respectively; mean Ϯ SD; n ϭ 6 cats). Similarity in the inverted U-like feature of the graphs calculated from each of the cats was such that a qualitative general description of these curves may apply to all. As the noise amplitude increased, SNR values became larger. Hence, a positive slope and an upsurge of the function could be observed as the curve rose steeply and became convex. A maximum value of SNR was reached, and the slope became zero within a particular interval of noise amplitudes. Beyond such peak, with higher noise amplitudes, the slope became negative as the curve subsided gradually. This modulation of the SNR suggests quite strongly that the information transmitted through the somatosensory system (i.e., R info ) was also modulated by the input noise. Figure 2 E,F (triangles) illustrates the R info at the two stages of sensory encoding, spinal (Fig. 2 E, open triangles) and cortical ( Fig. 2 F, filled triangles) , versus n for one cat. These plots also were typical of SR-like phenomena. An average of the spinal and cortical R info peaks was calculated for all animals (593.6 Ϯ 128.8 and 573.2 Ϯ 185.3 bits/sec, respectively; mean Ϯ SD; n ϭ 6 cats).
Second protocol: noisy tactile stimuli applied with an additional indenter placed on the glabrous skin of the third hindpaw digit
In three other cats, the noisy tactile stimulus was applied with another indenter placed on the glabrous skin of the third hindpaw digit (Fig. 3A) . This experimental arrangement ensured that the signal and noise were mixed not in the skin but in the somatosensory regions of the CNS. The traces in Figure 3D -G show averages of the spinal and cortical EFPs produced by periodic tactile stimuli on the glabrous skin of the central pad of the hindpaw. The spinal EFPs were recorded at a depth of 1250 m within the dorsal horn, and the cortical EFPs were recorded at a depth of 1400 m within the S1 somatosensory cortex. In these experiments, we examined the effects of noise (applied on the glabrous skin of the third hindpaw digit) on the amplitude of the spinal and cortical EFPs produced by periodic tactile stimuli (applied on the glabrous skin of the central pad of the hindpaw). Figure 3H ,I illustrates plots of percentage changes of EFP amplitude relative to control (taken as 100%) versus n for one experiment. In these plots, the control was considered as the response to the test stimulus alone (Fig. 3D) . Note that each plot (Fig. 3H,I ) exhibited a maximal enhancement of EFP amplitude at a specific noise amplitude value (i.e., the spinal and cortical EFPs were facilitated within a particular interval of noise amplitudes). An average of the spinal and cortical facilitation peaks was calculated for all Furthermore, all of the animals we examined with the second protocol exhibited SR-type behavior elicited by tactile stimulation on spinal and cortical activity. Figure 4 was obtained from three cats (indicated by different symbols). Figure 4 A-D illustrates the output SNR (and R info ) at the two stages of sensory encoding, spinal (Fig. 4 A,C, open symbols) and cortical (Fig.  4 B,D, filled symbols) , versus n in control conditions. Figure 4 E illustrates typical recordings and power spectra obtained from the spinal and cortical evoked potentials.
SR after sectioning of DC and IDLF
The SR behavior was abolished in the cortical (Fig. 4 H,J ) but not in the spinal (Fig. 4G,I ) recordings after sectioning (Fig. 4 E,F ) of DC and IDLF. Averages of the cortical SNR and R info peak values (in the band from 1 to 2 mN) (Fig. 4 B,D) were calculated for three animals (4.8 Ϯ 1.4 and 303.5 Ϯ 68.7 bits/sec, respectively). These averages were different ( p Ͻ 0.001; Student's t test) from the averages of the cortical SNR and R info values (0.5 Ϯ 0.5 and 85.4 Ϯ 21.3 bits/sec, respectively, in the band from 1 to 2 mN) (Fig. 4 H,J ) obtained after the sections illustrated in Figure 4 F.
Discussion
SR occurs in the spinocortical somatosensory system itself and not only in the peripheral sensory receptors The SR has been well described in the peripheral sensory system (Douglass et al., 1993; Collins et al., 1996a; Cordo et al., 1996; Levin and Miller, 1996; Juusola and French, 1997; Ivey et al., 1998; Jaramillo and Wiesenfeld, 1998; Bahar et al., 2002) . However, it is not clear from these experiments whether the electrical activity of somatosensory neurons in the CNS also exhibits SR behavior or whether SR is produced exclusively in the peripheral sensory receptors.
Our results show that a certain range of noise can increase spinal and cortical EFPs (Fig. 3H,I ). This result provides a possible explanation of the SR observed in the SNR and R info of the spinal and cortical activity evoked by mechanical tactile stimuli (Fig. 4 A-D) . In particular, we demonstrated that the SR embodies electrical processes of the spinocortical somatosensory system itself (see also Manjarrez et al., 2002d) . We used a protocol, as shown in Figure 3A , that ensured that the signal and noise were mixed not in the skin but in the somatosensory regions of the CNS. In this context, our results show that the SR occurs in the spinal and cortical somatosensory system itself and not only in the peripheral sensory receptors.
To the best of our knowledge, the present investigation documents the first explicit explanation of the occurrence of SR phenomena concerning the electrical activity of the spinal and cortical stages of sensory encoding in an in vivo preparation. Our results agree well with the psychophysical findings of Collins et al. (1996b Collins et al. ( , 1997 , who described that the ability of an individual to detect a subthreshold tactile stimulus can be enhanced by introducing a particular level of noise. Furthermore, our results are consistent with recent evidence that the SNR of cortical activity elicited by mechanical tactile stimuli in humans is optimized by the presence of noise (Manjarrez et al., 2002c) .
Our experiments show that the range of noise intensities necessary for the enhancement of SNR and R info was within physiological limits (1-4 mN) , in the same range in which noise can improve tactile sensation in humans (Collins et al., 1996b (Collins et al., , 1997 Manjarrez at al., 2002c) . Furthermore, our experiments show that the SR was evident at 2.5 Hz, the same frequency of tactile stimulation at which the SR was observed in the human brain (Manjarrez et al., 2002c) . These evidences suggest that noise could play a major physiological role in tactile sensation by somatosensory neurons, both in cats and in humans.
Several causes may explain the different profiles observed in the SNR and R info graphs obtained from different experiments (Figs. 2 E,F, 4A-D) . The diversity of these profiles between animals may be attributed to their different sensitivity to stimuli, dissimilarities in skin elasticity, receptor density, and irregularity of the background activity at the spinal, brainstem, thalamic, and cortical levels.
Participation of dorsal horn spinal neurons in the mechanism of generation of SR at the cortical level Previous work from our laboratory (Manjarrez et al., 2002a,b) has shown that somatosensory cortical neurons can be driven by dorsal horn spinal neurons with spontaneous activity through the DC and the spinocervical tract. The cell bodies of origin of the spinocervical tract are located in the lumbosacral dorsal horn (laminas IV-VI) (Bryan et al., 1973) , the same region in which the neurons that produce spontaneous negative cord dorsum potentials are located. These observations show that the first synapse for most tactile afferents is also located within the dorsal horn (Fig. 3B) . In this context, the present study suggests that such dorsal horn spinal neurons of the spinocervical tract may also contribute to the mechanism of generation of SR at the cortical level. The present results (Fig. 4) are consistent with this possibility, because the SR disappears in the cortical but not in the spinal recording after sectioning of the DC and the IDLF (see also Manjarrez et al., 2002a) . We conclude that the SR may occur in the spinocortical somatosensory system itself in a preparation of the anesthetized cat.
